A 22.4-kilobase DNA fragment containing the tmrA7-amyR2-amyE+-tmrB+-aro1+ region of the Bacillus subtilis N7 chromosomal DNA was cloned into a recombinant B. subtilis bacteriophage, pll-AA248. The amyE+-tmrB+ gene region, approximately 12.6 kilobases, in the phage genome was amplified in a tunicamycinresistant (Tmr) Amy' AroI+ transductant of B. subtilis by pll-AA248. On the other hand, the amyE+-tmrB+ region in the genomes of 80 to 90% of the phage particles was deleted when the phages were induced from the Tmr Amy' AroI+ transductants by treatment with 1.0 ,ug of mitomycin C per ml. From analyses of the physical maps and DNA nucleotide sequences in the junction region of the deleted phage genome and the parental DNA fragments, it is suggested that the deletion occurred within a direct repeat sequence composed of 18 base pairs. The endpoints of the amplified gene region seemed to be closely related to both terminal regions of the deleted DNA.
Gene amplification has been well characterized in eucaryotic cells (24) . It was observed in some stages of development (2, 24) and is induced when somatic cells are placed under specific conditions. Alt et al. (2) revealed that one of the mechanisms for resistance to methotrexate is represented by amplification of the gene for the targeted enzyme, dihydrofolate reductase. Gene amplification has also been found in procaryotic cells. For example, the lac gene of Escherichia coli (30) , the alk gene (alkane utilization) of Pseudomonas putida (15) , the membrane-bound DNA sequence and genes amyE and hisA of Bacillus subtilis (1, 19, 22) , and antibiotic resistance genes (32) have been reported. Gene amplification depends on the presence of a functional rec+ gene (1, 32) . Chromosomal gene amplification in B. subtilis has been observed after integration of a plasmid bearing a fragment of host chromosomal DNA and selection under high antibiotic concentrations.
Recently, Hashiguchi et al. (11) observed that the tmrA7 mutation in a tunicamycin-resistant (Tmr) B. subtilis strain, B7, induced amplification of the amyE+-tmrB+ gene region of the B. subtilis chromosomal DNA when the B. subtilis tmrA7 transformants were cultured in the presence of 10 p.g of tunicamycin per ml. Tunicamycin is a unique antibiotic which inhibits the formation of lipid intermediates in the process of synthesis of various complex carbohydrates in animal (27, 29) , microbial (4, 28) , and plant cells (9) .
Tmr mutants of B. subtilis have been classified into two groups by the production of extracellular ac-amylase (17, 23) .
The mutant containing tmrA7 produces approximately five times as much ot-amylase as does the parental strain, B. subtilis NA64, and tmrA7 was mapped near the amyE locus (ao-amylase structural gene). In contrast, other Tmr mutants carrying tmrB4, tmrB8, tmrB9, and tmrBJO do not exhibit hyperproduction of the enzyme, and these genes were mapped near the aroI locus (shikimate kinase gene). The * Corresponding author.
gene order around the amyE region in the B. subtilis chromosome is lin-2-tmrA7-amyR-amyE-tmrB-arol (17) .
To characterize the gene amplification of the amyE+-tmrB+ region by the tmrA7 mutation in the B. subtilis chromosome, we cloned a 22.4-kilobase (kb) DNA fragment containing the tmrA7-amyR-amyE+-tmrB+-aroI+ region into the temperate B. subtilis phage pll (34) by the prophage transformation method (13) . When lysogenic derivatives of B. subtilis were cultured in the presence of tunicamycin, amplification of the amyE+-tmrB+ region was observed in the phage genome. However, the same region was deleted when the phages were induced from the lysogenic derivatives by the treatment of mitomycin C (1 ,ug/ml).
In this paper, a possible mechanism of deletion of the amyE+-tmrB+ region in the phage genome by the cloned tmrA7 mutation is described using the comparison of physical maps and DNA nucleotide sequences around the junction region with those of the parental DNA. We discuss the possible mechanism of the amplification of the DNA region.
MATERIALS AND METHODS
Bacterial strains, phages, plasmids, and culture conditions. B. subtilis and Escherichia coli strains, phages, and plasmids used in this work are listed in Table 1 . The composition of LG medium and culture conditions were described previously (35) .
Isolation and analysis of plasmids and phage DNAs. Plasmid DNAs were prepared by the rapid alkaline method of Birnboim and Doly (5) and purified by CsCl-ethidium bromide equilibrium centrifugation. Particles of phage pll-AA248 were induced from lysogenic B. subtilis cells by treatment with 1 ,ug of mitomycin C (Kyowa Hakko Co. Ltd., Tokyo, Japan) per ml, precipitated with 10% polyethylene glycol, and purified by CsCl equilibrium centrifugation. Phage DNA was then extracted (35) . Large-molecularsize DNA fragments and plasmids were separated by agarose gel (0.6 to 1.5%) electrophoresis, and small-size fragments were separated by 5% polyacrylamide gel electro-550 FURUSATO ET AL. (Fig. 2b) . The BB-9.8 fragment contained two EcoRI sites which divided it into fragments BE-2.5, EE-6.8, and EB-0.5 (Fig. 2d) 10 ,ug of tunicamycin (17) per ml and on AroI+ selection plates. All Tmr transductants were Amy+ (20/20) , whereas only about half of the AroI+ transductants were Amy' (33/60). Production of a-amylase by the transductants in the culture medium was assayed ( Table 2 ). The Tmr Amy' and AroI+ Amy' transductants produced approximately 20 and 2 times, respectively, higher amounts of ca-amylase than did the parental strain NA20. The production level of the enzyme in the AroI+ Amy' transductants increased to the level of that of the Tmr Amy' transductants after the former cells were grown in the presence of tunicamycin (10 
To analyze this hyperproduction of a-amylase in the Tmr
Amy' transductants, we measured the copy number of the amyE+ gene in the transductants by Southern blot experiments using 32P-labeled pTUB4 as the probe (Fig. 3 and 4) . transductants was greater than that of the others. Radioautograms obtained in the hybridization experiments (Fig. 3) were scanned with a densitometer (Fig. 4) in the chromosomal DNA (Fig. 5) . These results agree well with the a-amylase production of B. subtilis strains and transductants listed in Table 2 . The tmrA7 mutation in the phage genome did not induce the amplification of the amyEtmrB+ DNA region of the chromosomal DNA. (Fig. 5) . The molecular size of the amplified units was calculated to be 12.6 kb, which is equivalent to the size of the DNA that was deleted from fragment BB-22.4 to form fragment BB-9.8 in the phage genome. Furthermore, the deletion sites in the genome appeared to be very close to the endpoints of the amplified DNA unit.
DNA nucleotide sequence analysis of the junction region obtained by the deletion in fragment BB-9.8 and comparison of this region with the sequences of the related regions in the parental chromosomal DNA. To explain the mechanism of the deletion and amplification observed in the pll-AA248 genome, four DNA regions (Fig. 6) were cloned, and the DNA nucleotide sequences at these regions were determined. A 3.7-kb DNA fragment around the tmrB+ region of the pll-AA248 (fraction A) phage DNA was cloned into the B. subtilis plasmid pUB110 to construct plasmid pTUB310. B. subtilis strains harboring pTUB310 showed kanamycin resistance (Kmr) and Tmr phenotypic characters. However, no Tmr transformant was obtained from B. subtilis 207-21 by the method of competent culture transformation using pTUB310, linearized by BglII digestion, as the donor DNA. The 0.5-kb HindIII-AvaI fragment of pTUB310 was recloned into M13 mp9 DNA. The 0.4-kb HindIII-AvaI portion of fragment BB-9.8 from pll-AA248 (fraction B) phage DNA, as well as the 1.6-kb HindIII-PvuII portion of fragment EE20-5.1 and the 0.5-kb HindIII-AvaI portion of fragment EE20-12.0 from strain NA20 chromosomal DNA, were also subcloned into pUC13 DNA.
The DNA nucleotide sequences in the cloned regions from fragment EE20-5. 1, plasmid pTUB310, and fragment EE20-12.0 were compared with the sequence of the 0.4-kb HindIII-AvaI fragment from fragment BB-9.8 (Fig. 7) . Tht sequence from the Hindlll site to the 205 position of BB-9.8 (sequence B in Fig. 7 ) was identical to the sequence froni HindIll site to the 205 position of EE20-5.1 (sequence A), and the sequence from the 206 position to the AvaI site of BB-9.8 (sequence B) was identical with the sequences from the 347 position to the AvqI site in pTUB310 (sequence C) and in EE20-12.0 (sequence D). We analyzed three clones isolated independently from fragment BB-9.8. The sequences in their junction sites were the same as sequence B of Fig. 7 . In the sequences shown in Fig. 7 , a direct repeat sequence was found in the boxed regions of positions 206 to 223 of fragments EE20-5.1 (Fig. 7A) and BB-9. NA20 chromosomal DNA were cloned and analyzed betmrA7 in the phage genome did not introduce the amplificacause the recombinant Charon 4A phage in which the tmrA7 tion of amyE-tmrB+ in the chromosome of the host cells. mutation of pll-AA248 was inserted was unstable and the pll-AA248 phage particles were separated into two fractions production of the daughter phages was very low, and be-(A and B) by CsCl equilibrium centrifugation. The genome of cause it is difficult, due to their instability, to latter phages was equivalent to the repeating unit of the amplified gene region in the Tmr Amy' transductants. Thus it can be postulated that the endpoints of the deletion region of the DNA are closely related to the endpoints of the repeating unit in the gene amplification.
In analyses of the restriction sites and the DNA nucleotide sequences, a direct repeat sequence was found in both endpoints of the 12.6-kb DNA to be deleted. One of these sequences was also detected in the junction site of fragment BB-9.8. Thus it is possible that a cross-over, followed by the deletion of 12.6 kb of DNA, had occurred between the positions 206 and 211 of fragment EE-5.1 and the positions 347 and 352 in fragment EE-12.0, because the thymine residue at position 212 in the region of fragment BB-9.8 was identical with that of position 353 (T) of both pTUB310 and fragment EE20-12.0. These results are schematically represented in Fig. 8 .
The gene amplification of amyE+-tmrB+ depends on the recE4+ system(s) in B. subtilis (T. Furusato et al., unpublished data). Thus it can be assumed that cross-overs occurred on several occasions between the two homologous repeated sequences or that other homologous regions without deletions induced the gene amplification of the repeating unit; the cross-over is then followed by the hyperproduction of the extracellular a-amylase and the manifestation of the phenotypic Tmr character. However We have also cloned the amyE+-tmrB+-aroI+ gene region (26 to 28 kb) from B. subtilis strain NA64 and B8 chromosomal DNAs into the pll genome (36) . In this constructed phage genome, the direct repeat sequence in the two regions (5.1-and 15.0-kb EcoRI fragments) should also be present as in the case of the B. subtilis NA20 chromosomal DNA. However, the phage did not show gene amplification or deletion during phage particle induction. The mechanism of gene amplification by tmrA7 has not yet been clarified. It is important to determine the reason why tmrA7 induces the deletion and amplification of a specific DNA region and to analyze the nature of the mutation, as the mechanism may be related both to the amplification of bacterial chromosome found in antibiotic-resistant mutants and to chromosome rearrangement in eucaryotic cells.
